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Introduction 50
The Late Devonian extinction at the Frasnian-Famennian (F-F) boundary is one of five major 51 biological catastrophes that characterize the Phanerozoic fossil record. This crash in biodiversity has been 52 related to intense biological and environmental change, including (but not limited to): terrestrial 53 afforestation (Algeo et al., 1995) , a series of asteroid impacts (McGhee, 2001 ), global cooling 54 (Joachimski and Buggisch, 2002) , and active orogeny due to the accretion of continental blocks 55 (Averbuch et al., 2005) . Among them, eutrophication and marine anoxia, triggered by increased 56 continental weathering, nutrient delivery and organic carbon production, are widely thought to contribute 57 to the Late Devonian mass extinction (Murphy et al., 2000; Bond et al., 2004) . The evidence for 58 eutrophication and marine anoxia at this time is found in the Lower and Upper Kellwasser Horizons that 59 straddle the F-F boundary, which are each marked by positive carbon isotope excursions in marine 60 carbonate and organic carbon ( 2012), the underlying mechanism/s for these differences remain unknown. 73
Pyrite sulfur (Spy) was extracted from insoluble residue and clay-rich samples using the technique 154 of Canfield et al. (1986) . Samples were treated with a reduced chromium chloride/HCl solution (boiling, 155 2 hr) and H2S was driven via an N2 carrier gas into a 3% AgNO3 -10% NH4OH solution, trapped as Ag2S, 156
and collected by filtration. For 34 S/ 32 S ratio determination, isotope analysis was conducted using a 157
Thermo-electron Delta V continuous-flow isotope ratio mass spectrometer housed at Northwestern 158
University. For each analysis, 0.9 mg of BaSO4 or Ag2S was mixed with 2 mg of V2O5 and combusted to 159 SO2 gas. The resulting isotope ratios were reported in the  (mixture of HI, H3PO2, and HCl, Thode et al., 1961) under continuous N2 purging, and the H2S produced 167 was precipitated as Ag2S in an AgNO3-NH4OH trap. For the isotope analysis, Ag2S samples were reacted 168 with an excess of F2 gas for more than 5 hours at 300 °C and converted to SF6, which in turn was purified 169 by gas chromatography and transferred into a mass spectrometer. In total, 27 pyrite and 7 CAS samples 170 were analyzed using a Thermo-electron MAT 253 isotope mass spectrometer at Massachusetts Institute of 171 For carbonate carbon and oxygen isotope analyses, samples were reacted with 100% H3PO4 under 179 helium atmosphere, and the released CO2 was measured using a Thermo Gas Bench coupled to a Thermo 180 Delta V continuous-flow isotope ratio mass spectrometer at Northwestern University. 181 182
Results

183
Stratigraphy and geochemical results of the HSW, DG, and GM sections are shown in Figure 3 (Yan et al., 2007; 190 Pisarzowska and Racki, 2012) (Fig. 4) (Fig. 4) 
Controls on sulfur cycling during the punctata Event
236
The onset of the punctata Event is characterized by positive δ 13 Ccarb and δ 34 SCAS shifts in both 237 studied sections (Fig. 4) . The δ 13 C excursion has been ascribed to an increase in the preferential removal 238 of 12 C resulting from enhanced primary productivity and organic carbon (Corg) burial. Increased Corg burial 239 during this period has been linked to elevated rates of nutrient delivery from the continents to the ocean 240 due to terrestrial afforestation and orogenic activity (John et al., 2008) . Phanerozoic marine sediments 241 often show a positive correlation between Corg and pyrite burial as a result of sulfate reduction (Raiswell 242 and Berner, 1986) . If the residence time of seawater sulfate is low (relative to modern levels), the 243 coupling of these two burial fluxes can result in sympathetic shifts in δ 13 Ccarb and δ 34 SCAS, because 244 microbes preferentially remove 32 S during the production of sulfide. Therefore, assuming sulfate and 245 reactive iron are not limiting with respect to pyrite formation (Berner, 1984) and prescribe a Δ 34 S value of -30‰, which approximates the Frasnian baseline in the studied sections 300 (dashed line in Fig. 4) . Initial conditions used in this model were summarized in Table 1 . 301
In our model runs, we explore three different initial sulfate concentrations (1, 3, and 15 mM). (Fig. 8) . At the initial concentration of 1 mM, a 1.6-fold increase in pyrite burial for 0.5 million 308 years generates the observed isotope excursion. If we assume the punctata Event represents a 50% 309 increase in Corg burial (Pisarzowska and Racki, 2012), then our model results indicate a near-constant S/C 310 burial ratio in a low sulfate ocean (1 mM). By contrast, a larger marine sulfate reservoir demands a 311 greater increase in pyrite burial to generate the same sulfur isotope excursion, leading to a significant 312 increase in the S/C burial ratio. Although sediments deposited under euxinic conditions often exhibit 313 high S/C ratios (Berner, 1984) , previous work indicates shallow-water euxinia was limited through the 314 punctata Event (Pisarzowska and Racki, 2012). The observed decrease in Δ 34 SCAS-py during the punctata 315
Event also suggests that burial of 34 S-depleted syngenetic pyrite under euxinic conditions was not 316 important in our study sites. Sulfate concentrations greater than 3 mM require more than 2 million years 317 for δ 34 Ssulfate to return to pre-event values. Such a long recovery time is not compatible with our 318 observations. These simulations illustrate that if the concentration of sulfate was sufficiently low (1 mM), 319 the positive δ 34 Ssulfate shift at the onset of the punctata Event is replicated by transiently increasing the rate 320 of pyrite burial by a factor of 1.6. This estimate is lower than the 3 to 15 mM range suggested by Horita 
Influence of the Alamo impact on sulfur isotope records 327
The positive δ 34 SCAS excursion that marks the punctata Event is interrupted by a short (<200 kyr) 328 but large (>20‰) negative excursion just above the horizon ascribed to the Alamo impact (Fig. 4) . The 329 negative excursion is associated with deposition of a massive impact breccia at the HSW section and 330 within normal marine facies at the DG section. Therefore, it does not appear that reworking of older 331 sediments was responsible for the sulfur isotope decline. Instead, given the proximity to the impact site, 332 its short duration, and large amplitude, this event appears to record the local injection of Breccia cuts down into the Middle Devonian strata near the impact center, the impact disintegrated and 337 reworked mostly the carbonate platform sediments deposited within the punctata zone (Warme and 338
Kuehner, 1998). The sulfur isotope composition of pyrite buried in the 0.5 million years prior to the 339 impact ranges from 0 to 30‰ (Fig. 4) . Therefore, given that sulfate levels appear to have been relatively 340 low through the punctata Event, it seems plausible that the oxidation of sedimentary sulfide was 341 responsible for the short-lived δ 34 SCAS excursion. However, near instantaneous oxidation via the Alamo 342 impact does not explain the negative Δ 34 SCAS-py values recorded during this event (Fig. 4) (Table 1) , we explore the sulfur flux necessary to generate the observed  34 SCAS decrease. We 396 assume the δ 34 S of volcanic sulfur inputs were 8 ‰, identical to the average riverine inputs. Our model 397
shows that a 5‰ negative shift over half a million years requires a 2-, 3-, and 11-fold increase in the 398 sulfate input to the ocean at initial sulfate concentrations of 1, 3, and 15 mM, respectively (Fig. 9) . As a 399 result, the size of marine sulfate reservoir increases by 35 to 40% (Fig. 9) . Although both continental 400 weathering and volcanic processes are combined into a single flux in our model, it seems unreasonable 401 that sulfate inputs increased by >10 times on a global scale. For example, massive end-Permian Siberian 402 volcanism was estimated to emit 1.1 X 10 18 moles SO2 (Tang et al., 2013) , which approaches 150% of the 403 amount of sulfate delivered to the ocean for half a million years (Table 1) . Thus, it is more likely that 404 sulfate concentrations were at or below ~3mM, but higher relative to punctata Event levels. The increase 405 in seawater sulfate concentrations also accords with sizable Δ 34 SCAS-py values (>15‰) throughout the 406
Upper Kellwasser Event. 407
Here, we propose that the contrasting biological responses that characterize the punctata and 408
Upper Kellwasser events may have in part been linked to differences in marine sulfate concentrations. 
